Members of the IL-1 family are pleiotropic cytokines that are involved in inflammation, immunoregulation, and other homeostatic functions in the body. IL-1␣, IL-1␤, and the IL-1 antagonistic molecule [IL-1 receptor antagonist (IL-1 Ra)] are present in the testis under normal homeostasis, and they further increase upon infection/inflammation. In the present study, we examined the effect of IL-1 Ra gene deletion on male mouse fertility. Male mice [wild type (WT) and IL-1 Ra knockout (KO)] were mated with WT females, and the birth and number of offspring were recorded 21-45 d after mating. Furthermore, the concentration, motility, and morphology of sperm isolated from the cauda of the epididymis were evaluated. The ability of the calcium ionophore (A23187) to induce acrosome reaction (AR) in the sperm of WT and IL-1 Ra KO mice was compared with their ability to fertilize in vitro oocytes from WT females. The direct effect of IL-1␣ and IL-1␤ on AR and abnormal morphology in sperm from WT were evaluated. The levels of IL-1␣ and IL-1␤ in the testes of WT and IL-1 Ra KO mice were examined by specific ELISA and real-time PCR. Our results show a significant reduction in the capacity of IL-1 Ra KO male mice to fertilize WT females (P Ͻ 0.05). Furthermore, the number of offspring in mice fertilized with IL-1 Ra KO male mice was significantly lower than with WT males (P Ͻ 0.05). Sperm concentration and the percentage of motile sperm from IL-1 Ra KO and WT were similar; however, the percentage of sperm with abnormal morphology (mainly in the head) and acrosome-reacted sperm cells were significantly higher in the IL-1 Ra KO, compared with that of WT males (P Ͻ 0.05). In vitro, the ability of sperm from IL-1 Ra KO male mice to fertilize oocytes from WT females was significantly lower than sperm from WT mice (P Ͻ 0.05). In addition, the percentage of reacted sperm from IL-1 Ra KO, spontaneously without ionophore induction, was significantly higher than from WT (P Ͻ 0.05). Sperm from WT underwent induction of AR only by ionophore; however, sperm from IL-1 Ra KO were unable to undergo the AR by ionophore, indicating that they are induced and, thus, are inactive in fertilization. Testicular IL-1␣ and IL-1␤ levels were significantly higher in IL-1 Ra KO, compared with WT male mice (P Ͻ 0.05). The addition of recombinant IL-1␣ or IL-1␤ to sperm from a WT mouse induced their AR, and significantly increased abnormal sperm morphology, as compared with controls (P Ͻ 0.05). This effect was neutralized by the addition of IL-1 Ra. Our results indicate the involvement of IL-1 in sperm physiology, affecting its morphology and fertilization ability. Higher than homeostatic levels of IL-1 in the testis, as observed in IL-1 Ra KO mice, impaired the ability of sperm to fertilize oocytes. Together, these results may explain some of the male infertility cases with an infection/inflammation background and may hint at the ability to use IL-1 Ra in future therapeutic strategies in these cases. (Endocrinology 150: 295-303, 2009) 
I
L-1, like other proinflammatory cytokines, is an immunoregulatory polypeptide growth factor. It is produced mainly by macrophages in response to foreign antigen, pathogen (infection challenge), and also in chronic inflammation (immunological activation) (1, 2) . Molecular studies have demonstrated three IL-1 types, namely IL-1␣, IL-1␤, and IL-1 receptor antagonist (IL-1 Ra). Both IL-1␣ and IL-1␤ are bound to the same receptor, show low amino acid homology, and share a spectrum of activities involved in physiological and pathophysiological functions (1, 2) . A unique feature of the IL-1 system is the naturally occurring IL-1 Ra. It binds to the same receptors without transmitting any signal; thus, it acquires an equally important role in the regulation of IL-1 action (3, 4) .
Spermatogenesis is a highly controlled process of proliferation, meiosis, and differentiation, which occurs in a variable number of sets of spermatogenic cell associations or stages (5) (6) (7) . A number of cytokines are involved in the regulation of various differentiation steps in this process (7) (8) (9) (10) .
IL-1 has been shown to be present in lysates of testicular tissue (11) (12) (13) . Further investigations have identified several cellular sources of IL-1 in the testis. In the interstitium, Leydig cells (13) (14) (15) and testicular macrophages (16) were found to produce and secrete IL-1, preferably the ␤-form. IL-1␣ production can be detected in tubular sources, namely Sertoli cells (13, 14, (17) (18) (19) and germ cells (17, 20) . Recently, we have demonstrated overexpression of IL-1␣, IL-1␤, and IL-1 Ra in homogenates of sexually immature mice, compared with mature mice (13) . We also showed that mature human sperm cells express and secrete IL-1-like molecules under in vitro conditions (21, 22) , and that Sertoli cells and germ cells could produce IL-1 Ra under in vitro conditions (17, 18) . The levels of IL-1 Ra in Sertoli cells were induced by lipopolysaccharide (LPS), IL-1, and FSH (17, 23) . IL-1 receptors have been identified, characterized, and localized in mouse testis (24, 25) .
Pathological roles of IL-1 have been suggested in cases of inflammation, bacterial and viral infections, acute phase responses, and activation of the immune system and the hypothalamic-pituitary-adrenal axis (1, 26) . Recent studies indicate that injection of an animal subject with LPS induced TNF-␣ expression, IL-1, and IL-6 by the immune system (27) . Systemic inflammation, mainly by ip injection of LPS, increased levels of IL-1 in the testicular cells (9, 28) . High levels of these cytokines can impair steroidogenesis and spermatogenesis, leading to fertility problems (27) (28) (29) .
To fertilize the oocyte, mammalian sperm must undergo a series of biochemical changes, collectively called capacitation (30) . Capacitation is also associated with changes in sperm motility (hyperactivation), and with acquired ability, undergoes acrosome reaction (AR) after binding to the zona pellucida, a process that includes multiple fusion and vesiculation of the outer acrosomal membrane with the overlying plasma membrane. In vitro studies have shown that the AR can be initiated in preincubated spermatozoa either spontaneously or by various physiological inducers, such as zona pellucida glycoproteins and follicular fluid, and nonphysiological inducers such as calcium ionophore, A23184 (30) . Spontaneous and ionophore-induced ARs were significantly increased by interferon (IFN)-␥, TNF-␣, and IL-6, but not by IL-1␤ (31, 32) .
The role of IL-1 in the testicular functions, spermatogenesis, and male fertility/infertility is not yet clear. In the present study, we examined the effect of IL-1 Ra gene deletion on male fertility, using the IL-1 Ra knockout (KO) mouse.
Materials and Methods

Animals
Eight-to 12-wk-old mice were used in all experiments. BALB/c strains were obtained from The Jackson Laboratory (Bar Harbor, ME) and Harlan Laboratory (Jerusalem, Israel). Eight-to 12-wk-old IL-1 Ra KO mice from BALB/c strain were provided as a gift from Professor Yoichiro Iwakura (Laboratory animal Research Center, Institute of Medical Science, University of Tokyo, Minato-ku, Tokyo, Japan) (33) . Animal studies were performed according to the guidelines and approval of the Animal Care Committee of Ben-Gurion University.
Fertilization capacity
We investigated the reproductive capacities of IL-1 Ra KO male mice (n ϭ 16, in three different experiments) and wild-type (WT) males (n ϭ 16, in three different experiments, as controls) by mating a single male with two WT female mice in a separate cage. During 21-45 d surveillance, females were checked for delivery, and the number of offspring was counted. A male was considered fertile if he succeeded to have offspring from at least one of two females.
Evaluation of epididymal sperm parameters
The caudal regions of epididymides from IL-1 Ra KO male mice (n ϭ 16, in four different experiments) and WT males (n ϭ 16, in four different control experiments) were removed and minced in 0.5 ml saline for 30 min at 37 C, to release sperm into the saline. Total sperm counting was assessed in the final suspension using a hemacytometer. Motility was recorded using a digital camera and assessed later using a personal computer program.
Swim-up technique
Caudal regions of the epididymis from IL-1 Ra KO male mice (n ϭ 8, in two different experiments) and WT males (n ϭ 4, in two control different experiments) were cut and minced gently in M2 medium as described previously. Sperm suspension was incubated for 10 min in a CO 2 incubator at 37 C. Sperm suspension was then collected and centrifuged at 1200 rpm. The medium was removed, and the pellet was resuspended in 4 ml fresh M2 medium. A second centrifugation was performed, and 1 ml top medium was removed. The tube was incubated for 1 h in 37 C for swim-up, and at the end of the incubation, 200 ml of the top medium (containing only sperm) was collected.
In vitro fertilization (IVF)
Mature (8 -12 wk old) WT female BALB/c mice were injected with 5 IU pregnant mare's serum gonadotropin, and 48 h later with 5 IU human chorionic gonadotropin. After 12-17 h, the oocyte-cumulus complexes were recovered from the oviducts and pooled in M16 medium (34) .
Mouse epididymal sperm (1 ϫ 10 7 cells per ml) were prepared and incubated for capacitation in HEPES buffered bicarbonate containing 3 mg/ml BSA for 1.5 h at 37 C with 5% CO 2 (35) .
Metaphase II-arrested unfertilized eggs (groups of 15-20 oocytes) were mixed with capacitated spermatozoa (1 ϫ 10 6 cells per ml) (from eight males of IL-1 Ra KO and four males of WT in two different experiments) and incubated in 100-l droplets under mineral oil for 24 h in 5% CO 2 at 37 C. Thereafter, the eggs were examined under the ϫ50 magnification of the dissecting microscope to determine the number of nonfertilized eggs (did not divide, metaphase II), fertilized eggs (divided), and dead eggs. The entire experiment was repeated three times.
AR
The percentage of acrosome-reacted sperm was determined using a fluorescence microscope. Sperm cells (from eight males of IL-1 Ra KO and four males of WT in two different experiments) treated with calcium ionophore (A23187; 10 M) for 20 min to induce AR were smeared on microscope slides at room temperature for 10 min. After air-drying, sperm smears were fixed in cold absolute methanol for 15 min, washed once in Tris-buffered saline and twice in distilled water at 5-min intervals, air-dried, and then incubated with lectin from Arachis hypogaea (peanut)-conjugated fluorescein isothiocyanate (FITC) (36) (25 g/ml) in Tris-buffered saline for 30 min, and finally washed with distilled water and mounted with FluoroGuard Antifade (Bio-Rad Laboratories, Inc., Hercules, CA).
Cells with green staining over the acrosomal cap were considered acrosome intact; equatorial green staining or no staining at all was considered acrosome reacted. A total of 100 cells were counted per slide.
Induction of mouse sperm AR and abnormal morphology by IL-1 in vitro
Sperm cells were obtained from WT mice (30 mice in three different experiments) by the swim-up technique as mentioned previously. Sperm cells [10 7 cells/2 ml M2 medium containing recombinant (r) IL-1␣ or IL-1␤ (1, 10, and 100 pg/ml) or IL-1 Ra (50, 500, and 5000 pg/ml) or IL-1␣ or IL-1␤ (10 pg/ml) in combination with IL-1 Ra (50, 500, and 5000 pg/ml)] were incubated for 3 h in 35 C. Sperm morphology (normal/ head, neck, or tail defect) and sperm that underwent AR were evaluated.
Sperm morphology
Sperm morphology was evaluated using a Spermac Kit (Stain Enterprises, Ondersport, South Africa), which involves staining the mouse spermatozoa in different regions (acrosome: pale green; nucleus: dark green; body: red; and tail: green) (37) . Slides were washed quickly by gently dipping six to seven times in tap water. Thereafter, they were mounted for 2 min in stain A, 1 min in stain B, and 1 min in stain C, followed by washing in tap water between each stain. After drying the slides at room temperature, sperm morphology was examined using light microscope (ϫ100). Sperm cells (more than 100 cells) were sorted to four categories (normal, head/neck/tail defects). To identify abnormal morphology (according to World Health Organization criteria) in IL-1 Ra KO compared with WT, sperm from 12-15 males of IL-1 Ra and 12-15 males of WT (in three different experiments) were used. To evaluate the effect of IL-1 on sperm morphology of WT mice, we used the sperm cells from the same wells and treatments used for AR.
Preparation of testicular homogenates
Testicular homogenates were prepared from sexually mature IL-1 Ra KO (n ϭ 12) and WT mice (n ϭ 12) (in two different experiments). Each testis from each mature mouse was prepared and examined separately. The tunica albuginea was removed, and the remaining testicular tissue was homogenized in 1 ml cold PBS plus protease inhibitor cocktail (P2714; Sigma-Aldrich Corp., St. Louis, MO) in ice. At the end of the homogenization process, the mixture was centrifuged at 13,000 rpm for 15 min, and the supernatant was collected and stored at Ϫ70 C. Total protein was examined by Bio-Rad reagent according to the manufacturer's instructions (Bio-Rad Laboratories GmbH, Munchen, Germany). The Bio-Rad Protein Assay is a dye-binding assay based on the differential color change of a dye in response to various concentrations of protein (38) .
Evaluation of IL-1␣ and IL-1␤ levels in testicular homogenates
The levels of IL-1␣ or IL-1␤ in testicular homogenates were evaluated by specific ELISA for each cytokine. ELISA for IL-1␣ was performed using rIL-1␣, monoclonal antimouse IL-1␣ (2 g/ml) and polyclonal antimouse IL-1␣ (100 ng/ml). Sensitivity of the kit was more than 32 pg/ml. ELISA for IL-1␤ was performed using rIL-1␤, monoclonal antimouse IL-1␤ (4 l/ml) and polyclonal antimouse IL-1␤ (4 l/ml). Sensitivity of the kit was more than 16 pg/ml. All materials for ELISA of IL-1␣ and ␤ were purchased from BD PharMingen (San Diego, CA).
Extraction of total RNA and real-time PCR analysis
Total RNA was extracted from mouse testis using the EZ RNA reagent protocol (Biological Industries, Beit Hemeek, Israel). First-strand cDNAs were synthesized from 2.5 g total RNA with 0.5 g random oligonucleotide primers (Roche Molecular Biochemicals, Mannheim, Germany) and 200 U Moloney-mouse leukemia virus-reverse transcriptase (RT) (Life Technologies, Inc., Paisley, Scotland, UK) in a total volume of 20 l Tris-HCl-MgCl reaction buffer, supplemented with dithiothreitol, deoxynucleotide triphosphates (0.5 mmol/liter; Roche Molecular Biochemicals), and ribonuclease inhibitor (40 U; Roche Molecular Biochemicals). The RT reaction was performed for 1 h at 37 C and arrested for 10 min at 75 C. The volume of 20 l was subsequently increased to 60 l with water. Negative controls for the RT reaction were prepared in parallel, using the same reaction preparations and samples but without Moloney-mouse leukemia virus-RT.
Real-time PCR analysis
Using specific primers of IL-1␣, IL-1␤, or ␤-actin sequences, real-time quantitative PCR amplification of total cDNA (500 ng/sample) was as follows: IL-1␣ forward primer, 5Ј-TCAACCAAACTATATATCAG-GATGTGG-3Ј, and reverse primer, 5Ј-CGAGTAGGCATACATGT-CAAATTTTAC-3Ј; IL-1␤ forward primer, 5Ј-CCTTCCAGGATGAG-GACATGA-3Ј, and reverse primer, 5Ј-TGAGTCACAGAGGATGG-GCTC-3Ј; and ␤-actin forward, 5Ј-AGAGGGAAATCGTGCGTGAC-3Ј, and reverse primer, 5Ј-CAATAGTGACCTGGCCGT-3Ј (Sigma-Aldrich). The reactions were conducted following the protocol for the Absolute quantitative PCR SYBR Green mix (ABgene UK, Epsom, UK) containing modified Tbr DNA polymerase, SYBR Green, optimized PCR buffer, 5 mM MgCl2, deoxynucleotide triphosphate mix, and deoxyuridine 5-triphosphate. The PCR was performed by a real-time PCR machine (MyIQ; BioRad Laboratories, Inc., Hercules, CA) according to the manufacturer's instructions. We used the following PCR protocol repeated 45-50 times: denaturation (95 C for 10 min); amplification and quantification [94 C for 10 sec, 60 C (IL-1␣, IL-1␤, and ␤-actin), 72 C for 30 sec with a single fluorescence measurement]; melting curve (60 -95 C with a heating rate of 0.5 C per 30 sec and a continuous fluorescence measurement); and a cooling step to 4 C. PCR products were identified and distinguished by the generated melting curve. We defined the "threshold cycle" values, representing the cycle number at which sample fluorescence increases statistically above background and crossing points for each transcript. The relative quantity of gene expression was analyzed by the 2-⌬⌬ threshold cycle method. The quantities of the IL-1␣ and IL-1␤ mRNA were normalized to the endogenous control, ␤-actin.
To ensure accurate results and the absence of contaminating DNA, all the products of the RT-PCR used for real-time PCR were also examined in parallel by PCR analysis with all the negative controls. They produced a single specific band with the suitable size when run on 2% agarose gel.
Evaluation of the results
The levels of each cytokine were evaluated as pg/g protein in the testicular homogenate. The results are presented as the mean of pg/g protein Ϯ SEM. Each experiment was repeated at least three times. Results are presented as a combination of the data from all the experiments performed.
Statistics
The Student's t test was used for statistical evaluation, and P values less than 0.05 were considered significant.
Results
Effect of IL-1 Ra gene deletion (using IL-1 Ra KO murine) on IL-1 Ra KO male mouse fertility
Mating male mice with IL-1 Ra gene deletion (IL-1 Ra KO) with female WT mice showed a significant reduction in offspring production, compared with control (mating WT males with WT females) (P Ͻ 0.05) (Fig. 1) . In addition, whereas WT females mated with WT males delivered within 21-28 d after mating, the WT females mated with IL-1 Ra KO males delivered in 45 d.
It should be noted that the minimum number of offspring in mating male WT with female WT mice was more than five (mean ϭ 7.7, and the range of offspring was five to 13); however, in mating IL-1 Ra KO male with WT female mice, the number of offspring in half of the females was less than five (mean ϭ 6.4, and the range of offspring was two 10).
Effect of IL-1 Ra gene deletion (using IL-1 Ra KO mouse) on sperm concentration, motility, and morphology
Total sperm concentration and percentage of motility were similar in male mouse IL-1 Ra KO and WT mice (3.7 Ϯ 1 million/ml vs. 3.7 Ϯ 0.8 million/ml; 44 Ϯ 10% vs. 43 Ϯ 8%, respectively). However, total abnormal morphology and abnormal sperm head were significantly higher in sperm from male mouse IL-1 Ra KO, compared with WT (P Ͻ 0.05) (Fig. 2) . No significant difference was noted in neck and tail defects of sperm from IL-1 Ra KO and WT male mice.
Effect of IL-1 Ra gene deletion (using IL-1 Ra KO mouse) on the capacity of sperm to fertilize oocyte
Because the ability of IL-1 Ra KO mice to fertilize WT females was lower than WT mice, and according to sperm parameter results, only the abnormal head morphology was significantly higher in sperm from IL-1 Ra KO compared with WT males, we wanted to know whether the reduction in fertility was related to sperm functionality. Therefore, we examined the capacity of sperm from IL-1 Ra KO to fertilize oocytes from WT females under in vitro conditions (IVF), in contrast to fertilization with sperm from WT males. As depicted in Fig. 3 , the capacity of sperm from IL-1 Ra KO to fertilize oocytes (after 24 h incubation) from WT females was significantly lower than sperm from WT males (10 Ϯ 3% and 33 Ϯ 4%, respectively) (P Ͻ 0.01).
Effect of IL-1 Ra gene deletion (using IL-1 Ra KO mouse) on sperm AR
AR is an important process in sperm fertilization; therefore, we compared AR in sperm from IL-1 Ra KO, before and after induction with calcium ionophore (A23187; a known inducer of AR) with that in sperm from WT mice. The basic levels of reacted sperm from WT mice at time zero (t ϭ 0 min) was 9%, and did not change after 90 min (t ϭ 90 min) of incubation (Fig. 4) . Stimulation of the WT sperm with A23187 for 90 min significantly increased the percentage of reacted sperm (30%; P Ͻ 0.5). However, the basic percentage of reacted sperm from IL-1 Ra KO at t ϭ 0 and t ϭ 90 min was 19% (significantly higher than sperm from WT; P Ͻ 0.05), and stimulation of sperm with A23187 for 90 min did not induce AR.
Effect of IL-1 Ra gene deletion (using IL-1 Ra KO mouse) on testicular IL-1 levels
IL-1 Ra is the natural inhibitor of IL-1␣ and IL-1␤. Therefore, we examined the levels of IL-1␣ and IL-1␤ in testicular homog- enates of IL-1 Ra KO mice and WT by ELISA (Fig. 5A ) and real-time PCR (Fig. 5B) . As depicted in Fig. 5 , the levels of IL-1␣ and IL-1␤ (in both ELISA and real-time PCR analyses) were significantly higher in testicular homogenates of IL-1 Ra KO mice when compared with WT (P Ͻ 0.05).
Effect of IL-1 on mouse sperm AR in vitro
To evaluate the possible involvement of high levels of IL-1␣ and IL-1␤ in inducing AR, we added rIL-1␣ or IL-1␤, at various concentrations (1, 10, and 100 pg/ml), to sperm cells from WT mice, under in vitro conditions, for 3 h. As depicted in Fig. 6A , only the addition of IL-1␣ (10 and 100 pg/ml) significantly increased the percentage of reacted sperm, compared with control (medium alone) (51 Ϯ 3% and 61 Ϯ 4% to 32 Ϯ 2%, respectively) (P Ͻ 0.001). In addition, only the addition of IL-1␤ (10 and 100 pg/ml) substantially increased the percentage of reacted sperm, compared with control (medium alone) (50 Ϯ 5% and 65 Ϯ 5% to 32 Ϯ 2%) (P Ͻ 0.001).
To confirm the specific effect of IL-1 on sperm AR, rIL-1 Ra (50, 500, and 5000 pg/ml) was added in a combination of either IL-1␣ (10 pg/ml) or IL-1␤ (10 pg/ml) to sperm cells from WT mice for 3 h. As shown in Fig. 6B , the addition of IL-1 Ra (data presented only for 500 pg/ml, although we also found a significant effect at 5000 pg/ml) alone to sperms significantly reduced the percentage of reacted sperms (from 31-26%; P Ͻ 0.05). Also, the addition of IL-1 Ra (500 pg/ml) in combination with IL-1␣ or IL-1␤ neutralized their effect on sperm AR.
Effect of IL-1 on normal mouse sperm morphology in vitro
To evaluate the possible involvement of high levels of IL-1␣ and IL-1␤ on the normal morphology of sperm, we added various concentrations (1, 10, and 100 pg/ml) of rIL-1␣ or IL-1␤, to sperm cells from WT murine, under in vitro conditions, for 3 h. As depicted in Fig. 7A , the addition of IL-1␣ or IL-1␤ (1, 10, and 100 pg/ml) significantly increased the percentage of abnormal sperm morphology compared with control (medium alone) (P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.05, respectively). The main effect of IL-1 was only on the heads of sperm cells (Fig. 7B , illustrated morphological defects of an examined head) without effects on the neck or tail.
To confirm the specific effects of IL-1 on sperm morphology, rIL-1 Ra (50, 500, and 5000 pg/ml) was added in combination with either IL-1␣ (10 pg/ml) or IL-1␤ (10 pg/ml) to sperm cells from WT mice for 3 h. As shown in Fig. 7C , the addition of IL-1 Ra (data presented only for 500 pg/ml, although we also found a significant effect at 5000 pg/ml) neutralized the effect of either IL-1␣ or IL-1␤ on sperm morphology.
Discussion
To the best of our knowledge, this is the first study that shows a direct correlation between high levels of IL-1 in the testes and reduction in male mouse fertility. We have shown a significant reduction in the capacity of IL-1 Ra KO male mice to fertilize WT females. There was no correlation between the reduction in IL-1 Ra KO males and the reduction in sperm concentration or to sperm motility, but it did correlate with a significant increase in the percentage of reacted sperms and sperms with abnormal head morphology. In addition, a significant elevation in the levels of IL-1 in testicular tissue of IL-1 Ra KO mice was detected compared with that in WT, which may suggest the possible involvement of high levels of IL-1 in the reduction of IL-1 Ra KO male fertility. The mechanisms by which deletion of IL-1 Ra may increase IL-1 could be: 1) IL-1 Ra antagonizes IL-1 by destabilizing IL-1-induced mRNAs (39); and 2) IL-1 Ra functions as a negative regulator of IL-1 by inhibiting a positive feedback loop in which IL-1 induces its own production (40, 41) . In addition, the absence of IL-1 Ra in Ra KO increased the availability of the IL-1 receptor and, therefore, the biological effect of a given level of IL-1 (42) . A normal sexual function in male mice lacking a functional type I IL-1 receptor was demonstrated (43) . This report may indicate that IL-1, which is constitutively expressed (physiological levels) in testicular tissues (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and was shown to increase germ cell proliferation and DNA synthesis (44, 45) , is not a limiting factor in steroidogenesis and spermatogenesis under physiological conditions. It is possible that other cytokines (such as TNF-␣) may subjugate the role of IL-1. Infection/inflammation increases testicular IL-1 levels that may impair male fertility. Thus, our study may indicate that when testicular IL-1 levels are elevated, they could be involved in the reduction of male fertility. Interestingly, in addition to the classical 32-kDa proIL-1␣, the testis produced a shorter variant encoding a putative protein of 24 kDa. This protein could not inhibit LH-induced Leydig cells to secrete testosterone in contrast to 17-and 32-kDa IL-1␣ (46) . The type of variants of expressed IL-1 in our system should be examined. We also found that the addition of high levels of IL-1 in sperm from WT mice significantly increased the percentage of their acrosome-reacted sperm and abnormal head morphology. This effect was neutralized in the presence of IL-1 Ra in the culture system. In addition, IL-1 Ra significantly reduced the percentage of reacted sperm in the in vitro culture. This reduction is around 5%, which is low and could be ignored, but is significant. This effect of IL-1 Ra could also be explained by the capacity of IL-1 Ra to neutralize the effect of IL-1␤, which is constitutively produced by mouse sperm cells (Ganaiem, M., E. Lunenfield, and M. Huleihel, submitted for publication) and may induce AR. Our results show that IL-1 Ra KO male mice express high levels of testicular IL-1␣ and IL-1␤; these high levels may be responsible for induction of sperm AR and abnormal sperm head morphology. The exact signal transduction pathway involved in enhancing the sperm AR by IL-1 requires further study. A change in these parameters (which are crucial for sperm fertilization of oocytes) may lead to reduction in the number of fertilized oocytes, and result in reducing the number of offspring (in vivo) after mating of IL-1 Ra KO males with WT females. Conflicting results were reported concerning the involvement of pro-inflammatory cytokines on sperm functions and parameters. IL-6 has been shown to affect the fertilization capacity of human sperm as it induces acrosomal exocytosis, and at higher levels it reduces sperm viability and motility (32, 47) . IL-6, TNF-␣, and IFN-␥ were shown to induce capacitation and AR of human sperm, but IL-1 could not induce these processes (31) . Another study showed that TNF-␣, IFN-␥, and IL-8 did not affect AR (48) . It was also reported that IFN-␥ reduced human sperm motility, as opposite to TNF-␣ and IL-8. Recently, Sikka et al. (49) reported that IFN-␥ and LPS individually did not affect human sperm viability or motility; however, their combination showed a significant decrease in these parameters. In addition, it has been shown that there is a partial subtle decrease in sperm parameters (viability and motility) due to a combination of TNF-␣ and IFN-␥ (50). In addition, it has been reported that , and 100 pg/ml) or with IL-1␤ (1, 10, and 100 pg/ml) (A) or with IL-1 Ra (500 pg/ml) or in combination between IL-1␣ (10 pg/ml) and IL-1 Ra (500 pg/ml) or IL-1␤ (10 pg/ml) and IL-1 Ra (500 pg/ml) (B) were added to swim-up sperm cells (10 7 cells/2 ml in 24-well plates) from WT mice (n ϭ 30) (three different experiments) under in vitro conditions for 3 h. A, The percentage of reacted sperm was examined by counting at least 200 sperm cells microscopically, using the lectin (35 g/ml)-conjugated FITC (FITC peanut agglutinin) procedure. *, P Ͻ 0.05; ***, P Ͻ 0.01.
TNF-␣, but not IL-1␤ or TGF-␤, significantly impaired sperm binding to zona pellucida of human oocyte (51) .
Conflicting results have also been found concerning the affect of IL-1 on sperm fertilization, using a sperm penetration assay. One study indicated that IL-1␤ at 5-20 IU/ml impaired fertilization in the hamster ova sperm penetration assay and mouse zona binding assay (52) ; however, another study did not find any affect even at higher concentrations of IL-1 (53) .
Recently, we demonstrated the expression of IL-1␣ and IL-1␤ in mature human spermatozoa (22) , and also mouse spermatozoa (Huleihel, M., et al., unpublished data) . Freshly Effect of IL-1 on normal mouse sperm morphology. Medium without (CT) or with IL-1␣ (1, 10, and 100 pg/ml) or with IL-1␤ (1, 10, and 100 pg/ml) (A and B) or with IL-1 Ra (500 pg/ml) or in combination between IL-1␣ (10 pg/ml) and IL-1 Ra (500 pg/ml) or IL-1␤ (10 pg/ml) and IL-1 Ra (500 pg/ml) (C) were added to swim-up sperm cells (10 7 cells/2 ml in 24-well plates) from WT mice (n ϭ 30) (three different experiments) under in vitro conditions for 3 h. B, The percentage of total abnormal sperm morphology was determined by examination of at least 200 sperm cells microscopically, using the Spermac kit. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. isolated cumulus cells and oocytes were also demonstrated to express IL-1␣, IL-1␤, IL-1 Ra, and IL-1 receptor type I (54) .
The expression of receptors for IFN-␣, IFN-␥, IL-2, IL-3, IL-5, IL-6, and granulocyte-macrophage colony-stimulating factor on human spermatozoa was reported (55) . Recently, we have shown the expression of IL-1 receptor type I on the head of mouse sperm (Huleihel, M., et al., unpublished data) .
Genitourinary inflammation of male reproductive organs, especially epididymitis, orchitis, or prostatitis, is an important etiological factor in male infertility (56, 57) . Genitourinary inflammation is associated with an increased number of leukocytes (Ͼ1 million/ml) in semen, called leukospermia, which can cause impaired sperm motion and function (58 -60) . Activation of leukocytes within the male reproductive tract may possibly release soluble products, such as inflammatory cytokines, which initiate and regulate the inflammatory response (61) . Elevated levels of these cytokines in the seminal plasma of men with fertility problems have been well documented (62) (63) (64) (65) . Asymptomatic chronic infection (bacterial or nonbacterial) of the male reproductive tract is also associated with an increase in seminal cytokines through the activation of humoral and cellular immune mechanisms (32) . A LPS present in the bacterial cell wall is considered to be responsible for these immune mechanisms, resulting in an increased production of cytokines. Of these pro-inflammatory cytokines, IFN-␥, TNF-␣, IL-8, and its subclass GRO-␣ have played a significant role in immune-induced infertility (63, 66, 67) . However, the exact role of these cytokines during leukocytospermia is not clear. Our hypothesis is that under physiological conditions, IL-1 secretion in the site of fertilization could play a role in the induction of AR and may be involved in the regulation of the fertilization process. Nevertheless, under infection/inflammatory conditions, high levels of proinflammatory cytokines migrate to the site of infection/inflammation in the male or female genital tract, and impair functions and parameters of sperm and, thus, lead to subfertility.
